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THE EFFECTS OF AERODYNAMICHEATING ON ICE FORMATIONS-:. -..= ..—.-=
ON AIRPLANE PROPELLERS

BY Lewis A: ,Ro~ert ..

*

SUMMARY

An investigationhas been,made of the effect of aero-
dynamicheating on propeller-bladet8mp8ratUres and its
relation to propeller icing. The blad’etemperaturerise
resultingfrom aerodynamichea’t,ingwas measured and the
relationbetween the resul%ingblade temperaturesand the
outer limit of the iced-overregioh tiasexamined. The —
test resultshave indicatedthat the outermoststationat
which ice formed on a propellerblade was determinedby
the blade temperaturerise resultingfrom the aerodynamic
heating at that point. An empiricalanalyticalrelation .

between.theblade-elementvelocity and the air tempera-
ture at.whichice would form was establishedby the data.

-.

)--- INTRODUCTIO& :,,.= .’L.:-–._>-
. .;,..’..... — ..... .::”----.- -:-..:..-.-*_*

The problem of ice previnti,onon airplanepropellers
has createdan interest in the temperaturerise of the .
propellerblade due to aerodynamicheating. The heating
effect of the flow of air over“a--propelleris of ~articu-

---

lar interestin the study of “theapplicationof thermal
means of ice prevention.

Aerodynamicheating results from adiabaticcompres-
sion of the air at the region of stagnationpressure and
from friction in the regions of viscous flow. According
to reference1.,the temperaturerise at the leading edge
is slightlygreater than that over the rear portion of -.

the airfoil, the differencedependingon the shape of the
airfoil and the.a,ngleof attack. Acdording to tests at

f presentunreported;the temperaturerise over the rear.-....=._ _-
.- part of an airfoil due t~’aer:o~”yn”a~ichetiti-ngis within

., about 85 percent of that at the leading edge. ‘ ‘“ - ..,~.+ ,
-.. .-

.-, .- .-....-..-..-—
. ,,

.

-.
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Although only the temperaturerise of the air at the
leading edge can be preciselyexpressedby the adiabatic
equation,an approximationfor the entire airfoil section
can be made that will be satisfactorilyaccuratefor the
intendedapplicationof this expression.

Owing to the temperaturegradientalong the propeller
blade and to the dissimilarityof the shape and the size
of blade sectionsalong the radius,calculationsof the
temperaturerise of a propellerfrom the airfoil data are
laboriousand probablynot dependable. The temperature
gradientalong the radius results in a heat flow in the
oppositedirection,the predictionof which is highly in-
volved. An attemptwas made in the present investigation
to establisha comparativelysimple relationbetween the
atmosphericconditionsand the velocity of the outermost
propellerblade station on which ice will form. Attention
is directedto the adiabaticequation

V2
AT=— (1)

2Jgcp

that can bedevelopeclfor the region of zero velocity or
for the region of stagnationpressurefrom reference1.
In this equation AT is the temperaturerise in degrees
Fahrenheit; V, the velocity in feet per second; J, the
mechanicalequivalentof heat; g, the accelerationof
gravity;and Cp * the specificheat at constantpressure.
When the constantsare put in numericalform, equation (1)
becomee

(2)

It was anticipatedthat, inasmuchas the tests of the
present investigationwere to be conductedon a solid
aluminumblade, the measured blade temperaturerise at
the leadingedge would be less than the calculatedadia-
batic rise, owing not only to the referredflow of heat
&long the radius but also to a chordwiseheat transmis-
sion.

lt was acknowledgedthat still another factormight
Influencethe propeller-bladetemperaturerise. Because
theblades are known to be subJect to vibrationalstresses
and because the absorptionof the vibrationalenergy by
!nternalfrtct-ionprod-s heating, some temperaturerise

- .. .. -
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from this cause at .nod,alpoints mightbe observed. The
internalfriction,heating,although ,probablysmall in
metal propellers,might De considerab.l.e:whe’replastic com-
positionsor wood are employed. The transferof he’at
through the propellerhub from the engine is believed to
be of small importance. .. ,. .-

..,.,.- ., . ,,-
The NationalAAvisory Committeefor,Aeronaut-iceha=

conductedthe present,investigation.of aerodynamicheat-
ing.of propel~er’b”lad,esto fiete,rmine~he,tbera relation
exists between.,ther,e.suitingblade temperaturesand the
outermostb“lade.st.ationon which ice,will form.

,,. ..
Such d,aka;it~is:believed,will p.erm”ita satisfac-

torily accuratq.definitionof the region’over which ice
forms on the,prope,l,lerblade and will f,aci”litatethe de-
velopmentof dependab3.e.ice-prevention,equipmentfor the
airplanepropqll.er.,. ,.

Pilots.”havereported that the formation.ofice may
be minimizedOn’propellersby operatingthe engine at
maximum speed. It has been anticipatedthat theresults
of the present investigationwould determinewhether this
method of obtaining.partial ice protectiondependedupon

---... the effect of’centrifugalforce Or upon aerodynamichea’t-
ing. .:

.. . . In order”toobtain data on the regions aver which
ice forms on propeller%lades, an icing investigationwas
made in conjunctionwith the blade temperaturemeasurement
tests.;., . .-.

t
-.

- v-

,,,
,,,, ,PROCEDURE ..,.., ,, ;,.,...

The preliminary,icingtests were conductedon the
Lockheed 12A airplanq.,which is shown in figure 1 as it
appearedduring a test.’ The airplanetias’equippedwith
constaat=speed,hydraulic, two-blade,aluminum 8-foot 10-
inch propellers. The ice tests were made with the air-

.’pla’ne’on.”the‘ground.“,The icing conditionswere simulated
by d’isc”harging’~ery small water Qrops from a“number of
Sptiaynbz’zles‘locatedin””frog~of the rotatingproyel.ler.
Satisfactory:ic’efor’ma~’ions”were ‘obtainedwhen,the air

“ temperature’”titisbetwe&fi‘150”and ,220F a~~ when’the‘rela-
tivehwidity was’:high~ ‘Withthese cijnditjonsa rime
type of ice was “obtained,as is seeri”in figu’r’e2. Data ~
were recordedon’propel,~er“spee’d;’outerm~o’~~$”radius station
at which ice “forme”d$” Obser-ahd ambien’t-a”irtemperature. .

.—

—

—

—.
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.

vationswere made of thenature .ofthe outer end of the
ice formationto det.ermi?ietihetherthe extent of ice in
the rad.ial.dir.ectionwas Limitedby ‘centrifugalforce
or by aerodynamicheating.

,,.
The blade temperaturedeterminationswer”ealso made

on the ground, the propellerand an engine being mounted
on the propellertest stand~ which is shown in figure 3.
The aluminumpropellerused for”tha tests is identified
as having a fixed pitch, 10-foot 6-i’nchdiameter,and an
R.A.I’.“6section. Thermocouplesconstructedfrom No. 40 ~
Il.&s. copper and constantanwire were used in making the
temperature-risemeasurements. The propellerblade on
which the me~surements~‘were ‘madeis.shown in figure4.
The thermo.couple”mountlng at wh~.chthe adiabatictemper-
ature rise,of th~ air was observedwas loc-atedat the 60-
inch radius stationand is shown in figure 5. The Junc-
tion of the thermocoupleshown in figure 5 was suspended
in air by the thermocouple wires at the open end of a
small balsa box. Blade temperature-risemeasurements
were made at the 60-, the 48-, the”36-,and “the24-inch
stations. +,.. .,

. ..
The cold”.junctionsfor thethermocoupleswere locat-

ed on a.balsa block that extended-forwa”rd. about 6 inches .-_-.,-
from the propellerhub. A view of the cold-junction
block and the propellerhub is shown in figure 6. Because
the cold junctionsrotatedwith the thermocouples,all ....
the collectQrcircuitscould be of the same’metal. Inas-
much.aa co.pper-constantanthermocoupleswere employed,
the collectorrings shown in figure 7 wers copper and the
brusheswere a copper-carbon,compound, the thermoelectric
power of which is similar to copper. The circuitwas
shown to he accurate to withinkO.1° F.

. RESULTS AND DICUSSION .-.,
. . .

The results of the’icing tests’are given”In”table I.
The en’dof th”eice formations at the outermoststat~on
was a; smo’o’th,clear glaze”.When ice wag thrown off the
blade’at m.bre‘centrall-ylocated radial stations,the end
of the”;r6m’ainingform~t’ionwas a rough, granularrime ice.
Thepresence bf gla~e ice a$ th~.outermQstend of--thefor- 6
mation indica%.ekthat.the tempe~atu~ether”ehad been ..-
raised“andthat;‘At‘“pointsradiallybeyop~.this~oint, ice
was probablyp:revefi”te,d.bythe effect of aerodynamicheat- .-
ing*. . . . -,



Beoause the outer limit of theice formationappears
‘9 to have been d.etermiued,by aerodynamic~e.~tifigtthe as-

sumptionhas %eenmade that the temperatureof the oUter-
most station on“whichice formed was 32° F s In this way
a comparisonwas possible between the blade temperature
and the calculatedair temperaturebased onthe adiabatic
temperaturerise as given by equation (2)9. lt is noted
that the differencebetween th~ blade temperatureand the
calculatedtemperaturewas between 8° and 130 F during
icing tests. These results indicatethat the outermost
point at which ice wi~l form on a propellerblade is de- ‘
terminedby the aerodynamicheating but tfiatthe point
cannot be preciselydeterminedon a basis of the adia-
batic equation.

The results from the temperature-risemeasurements.
are shown-intable II. In figure 8 the blade temperature
rise of the various points along the blade is plotted
against propeller speed. The temperaturerise as calcu-
lated from equation (2) and the measured air temperature
rise at the 60-,inchblade station are also plotted,in
figure 8. The same”data are plotted In figure 9 in an-
other form that may be more convenientlyapplied.

The data indicate that the aerodynamicheating re-
sults in a temperaturerise about 10o F less than the
rise given by’

v=AT=—.. 2Jgcp

The similarityb~iween the results o%tained in the
icing tests end in the temperaturemeasurementsis noted,
and it is concludedthat the observedeffectswill be
manifest on other propellerswhen operated in flight.
Inasmuchas internalfriction apparentlydid not con-
tribute in a measurabledegree to the %lade heating, it
has been concludedthat the blades which are made,of,
steel or other metals having lCIWinternalfriction losses
and high thermal ,conductivitywill have about the same
temperaturerise as that observed on the aluminumblade.

The empiricalequation

.-. .. expressesthe relationbetween the maximum velocity in
feet per second of a propellerblade element on which ice-7 will form and the temperature in degrees Fahrenheit of the
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ambient air. I’he blade-element velocity to be used in
equation (3) is the vector sum of the propeller.element
rotational speed and the airplaneair speed..

It is believed that the resultsof the present in-
vestigationwill be useful in designing ice-protection
equipment more accurately than is now possi%le. It will
be noted, furthermore,that the numerous reportsof
pilots who have removed or preventedice on the Propeller
blade by increasing the propellerspeed have been given a
fundamentalbasis.

CONCLUSIONS,’

1. The temperaturerise of airplanepropellerblades
resultingfrom ~beodynamicheatinghas a direct effect
upon the extent to which ice will form on the blade.

2. It was found that the outermostblade elementat
which ice will form at an air temperature !! (oI?)will
have a velocityof

Langley MemorialAeronauticalLaboratory,
NationalAdvisory Committeefor Aeronautics,

Langley Field, Vs., September6, 1940.
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TABLEI.-OBSERVATIONSOFTHEFORMATIONOFIOEONA PROPINILER

Air FropellerOutermost Velocityat Calculated
temperaturespeed bladestationbladestationadiabatic

atwhichice atwhichice temperature TA TA-32
formed formed rise,AT ‘

(°F) (rpm) (in.) (fps) (°F) ~%) (°F)
(a) (b)

-.

18.0 1400 42,0 514 21.9 39.9 .7.9

18.0 1500 41.4 541 24.2 42.2 1002

18.0 lfx)o 37.5 523 22.7 40.7 8.7

17.5 1600 38.5 537 23.9 41.4 9.4

17.5 1700 38.8 575 2’?.4 44.9 12,9

15.0 1400 48.0’ 586 28.5 43.5 11.5

15.5 lK)O 42.0 586 28.5 44.0 1.2.o

H
(D

*
(D

-d
u)
u)

am,is the observodair temperatureplus A!l!andrepresentsthe calculated air
A temperat~oattheleading

bDifferencebetweencalculated
ingpointofwater.

edgeof the propeller blade.

air temperatureat the leading edgeendthe freoz-

,,,,
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!UBElII.-DA~ RELATRD!CO~ TENPE’!T03ERISEOFA -?RO~ DUETOAERODYNAMICHEATING

propelle]
rotation

N

(rpm)

1044

1208

1423

16Q4

1785

1069

1227

1422

1640

lm4

1966

!ircular
relocityof
X&inch
‘adiusblade
hation

(fps)

547

’533

745

840

935

560

642

745

859

94A

1030

!alcul.ated
diabatic
,mperature
iso of air
k E&inch
‘adiusbladf
tation,AT4

(’W)

24.8

33,2

46.0

5805

72,5

26,0

34.2

46,0

61,2

74.0

B8.O

.—

)bserved
mmporaturo
?isoof air
tuoto
Ldiabatic
mating

(%?)

24.0

31.5

45.5

58.5

72.3

23,0

31.5

44.0

58*5

70.0

86.0

(Jbscrvedtemperaturerisoof bladeat
dilforentstations

(OF)

?= Win

—.
20.0

26.6

37.8

50.2

63.5

17.2

26.3

36.0

50.3

63.0

78.8

1=48 in.

13.5

17,8

24.5

31.0

39.7

R= 36 in.

—.

5.5

7.5

11.0

15.2

18.9

20.5

L= 24 in.

1.6

3.0

4.5

6.5

7.7

8.5
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Figure1.-Twoviewsof Locldwed12A●irplane.Ice was formedon the
rotatingpropellersof the airplanewhileon theground.
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~igure3.-Propellerteststand. The temperaturwofthebladeand%he
airat thebladeleadingedgeweremeasuredwiththisequipment.
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~igure6.. Thehubofthepropelleronwhich the temperatures were ummred, showing
the thermocouple coldJunctiom at thecenter.
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Figure7.. Thethermocouplecomntatorringeand
wereusedon eachcollectorring.
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Fig.8
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Figure8.-Therelationofpropeller-bladetemperatureriseto
propellerspeed,fora 10-foot6-inchalturdnumR.A.F.

6 sectionpropeller.
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